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INTRODUCTION
Motion control of mobile robots is a typical nonlinear tracking control issue and has been discussed with different control schemes such as PID, GPC, sliding mode, predictive control etc [1] - [3] . Intelligent control techniques, based on neural networks and fuzzy logic, have also been developed for path tracking control of mobile robots [4] [5] . While conventional neural networks have good ability of self-learning, they also have some limitations such as slow convergence, the difficulty in reaching the global minima in the parameter space, and sometimes even instability as well. In the case of fuzzy logic, it is a human-imitating logic, but lacks the ability of self-learning and self-tuning. Therefore, in the research area of intelligent control, fuzzy neural networks(FNNs) are devised to overcome these limitations and to combine the advantages of both neural networks and fuzzy logic [6] [7] . This provides a strong motivation for using FNNs in the modeling and control of nonlinear systems. And the wavelet fuzzy model(WFM) has the advantage of wavelet transform by constituting the fuzzy basis function(FBF) and the conclusion part to equalize the linear combination of FBF with the linear combination of wavelet functions. The conventional fuzzy model can not give the satisfactory result for the transient signal. On the contrary, in the case of WFM, the accurate fuzzy model can be obtained because the energy compaction by the unconditional basis and the description of a transient signal by wavelet basis functions are distinguished [8] . Therefore, we design a FNN structure based on wavelet, which merges these advantages of neural network, fuzzy model and wavelet. The basic idea of wavelet based fuzzy neural network(WFNN) is to realize the process of fuzzy reasoning of WFM by the structure of a neural network and to make the parameters of fuzzy reasoning be expressed by the connection weights of a neural network. And an approach that uses adaptive learning rates is driven via a Lyapunov stability analysis to guarantee the fast convergence. In this paper, we design the direct adaptive control system using the WFNN structure. Through computer simulations, we demonstrate the effectiveness and feasibility of the proposed control method and compare the control performance of the WFNN controller with those of the FNN, the WFM and the wavelet neural network(WNN) controllers. 
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In our network structure [10] , the network output, , is as follows: 
where, is the network input, and the network weight set is which is tuned to minimize the model errors via the gradient descent(GD) method. In order to apply the GD method, the squared error function is defined as follows:
where, are the output values of a WFNN and are the desired values.
Using the GD method, the weight set, can be tuned as follows: 
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where,
PATH TRACKING CONTROL FOR MOBILE
ROBOT USING THE WFNN The mobile robot used in this paper is composed of two driving wheels and four casters. And it is fully described by a three dimensional vector of generalized coordinates constituted by the coordinates of the midpoint between the two driving wheels, and by the orientation angle with respect to a fixed frame as shown in Fig. 1 . The equation for motion dynamics is as follows:
where, and are linear velocity and angular velocity, respectively, and and are two incremental distances of two driving wheels and distance between these two wheels, respectively. In this model, the control input vector is represented by
3.2 The direct adaptive control system using the WFNN In our control system, the direct adaptive control system is designed using the WFNN structure. 
of a mobile robot. For this purpose, the parameters of WFNN are trained via the GD method. The overall control system is shown in Fig. 2. WFNN controller calculates the control input by training the inverse dynamics of plant iteratively. But, the updating of parameters of WFNN through the variation rate in the GD method cannot be calculated directly. So, we train the parameters of a WFNN through the transformation of the output error of plant.
[ ] where, , a n d
is the feedforward Jacobian of a mobile robot and is as follows:
The partial derivative of the control input with respect to the parameters of a WFNN controller can be calculated by using Eqs. (13) and (14).
U
· Updating of the parameters of WFNN via the following iterative GD method:
where, η is the learning rate of a WFNN. From Eqs (12) and (13), each gradient of the controller output with respect to each weight is presented as follows: 
STABILITY OF THE WFNN CONTROLLER
In the update rule of Eq. (3), selection of the values for the learning rate η has the significant effect on the control performance. Generally, if η is too big, the system is unstable. And for the small η , although the convergence is guaranteed, the control speed very slow. Therefore, in order to train the WFNN effectively, adaptive learning rates, which guarantee the fast convergence and stability, must be derived. In this subsection, the specific learning rates for the type of network weights are derived based on the convergence analysis of a discrete type Lyapunov function. 
Proof: nalysis, a discrete type Lyapunov function is selected In this a as 
From Eqs. (27), (28) and (29), is defined as 17) and the error difference can be represented by 
SIMULATIONS
In this section, we present simulation results to validate the control performance of the proposed WFNN controller for the path tracking of mobile robots. Generally, the characteristic of network structure as a controller is very susceptible to several simulation environments such as the initial value of network weight, the sampling time, the learning rate, etc. In this computer simulation, the initial values of network weight are randomly determined and the sampling time of control procedure is 0.01sec. In the update rule of GD method, selection of the values for the learning rate η has the significant effect on the control performance. So, in our control system, the learning rates are adaptively determined to rapidly minimize the state errors. Table 1 . From these figures and Table 1 , we confirm that the WFNN controller works better than other controllers that use the FNN, the WFM and the WNN respectively, although the tracking errors are occurred in case that the direction is changed. In this comparison, the network structure such as the number of membership function, the number of rule and the learning rate, is experimentally determined via many simulations.
CONCLUSION
In this paper, we have proposed a WFNN based direct adaptive control scheme for the solution of the tracking problem of mobile robots. In our control system, we have designed a FNN structure based on wavelet that merges the advantages of neural network, fuzzy model and wavelet transform as a controller. The control signals were directly obtained to minimize the difference between the reference track and the pose of a mobile robot via the GD method. In addition, an approach that has used adaptive learning rates for the training of WFNN controller was driven via a Lyapunov stability analysis to guarantee the fast convergence, that is, learning rates were adaptively determined to rapidly minimize the state errors of a mobile robot. Finally, to evaluate the performance of the proposed direct adaptive control system using WFNN, we have compared the control results of the WFNN controller with those of the FNN, the WNN and the WFM controllers. As a result, we have confirmed that our WFNN controller works better than the FNN, the WNN and the WFM controllers, although the tracking errors are occurred in case that the direction is changed. 
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